A new algorithm for the design of decentralized output feedback stabilizers for large-scale electric power systems is presented in this paper. In the proposed approach, the generators which are most effective for stabilizer applications are first identified by using participation factors. Then an efficient algorithm based on decentralized pole assignment is proposed for the determination of the parameters of the power system stabilizers which, due to the difficulty associated with the communication among the geographically dispersed generating stations in a large power system, are essentially decentralized compensators using local generator outputs as their feedback signals. The proposed method is computationally efficient and can be applied to any large-scale system. The simplicity and effectiveness of the proposed method are demontrated by an example of stabilizer design for a practical power system.
INTRODUCTION
With the widespread use of fast-speed, high-gain static excitation systems and long-distance transmission lines, many power systems face the problem of dynamic oscillations [ 1 ] - [4] . In the literature, various kinds of power system stabilizers such as lead-lag stabilizer [SI - [7] , optimal stabilizer [8] ,variable structure stabilizer [9], and proportional-integral (PI) stabilizer [ 101 have been proposed to damp out these undesirable oscillations. In the design of any kind stabilizers for large-scale power systems, the identification of optimum installation location as well as the determination of suitable parameters has to be considered since only rather limited numbers of generators among the vast number of generators in the system are equipped with power system stabilizers in most cases.
In this paper, a novel approach based on participation factors is presented for the identification of optimum site. The method is found to be better than the conventional right eigenvector technique [ 1 11 in that it requires less control effort to achieve the same degree of damping. Moreover, in view of the special features of a large scale power system that the generators are geographically dispem and only local output signals such as generator speed or power are available, a novel method is proposed for the design of decentralized power system stabilizers. The method is very concise and simple in its mathematical formulation and is applicable to many large-scale systems. Stabilizer design for a practical power system is given as an example to demonstrate the effectiveness of the proposed method. A paper recommended and approved
PROBLEM FORMULATION
(1) Y(t) = c X(t) (2) where X(t) is the state n-vector, U(t) is the control m-vector, Y(t) is output m-vector, and A, B, and C are constant system matrices of appropriate dimensions. It has been assumed that m generators will be equipped with stabilizers in order t o damp out m poorlydamped electromechanical mode .oscillations. Taking the Laplace transform of eqns. (1) where %(s),i= 1 ,..., m, are the transfer functions of the m decentralized stabilizers to be determined. The first step in the design of these decentralized stabilizers is to identify the m generators which are the most effective locations for stability improvement. Then, the parameters of the m transfer functions of the decentralized stabilizers have to be determined based on the criterion of shifting the m pain of poorly-damped electromechanical-mode eigenvalues to more desirable locations. These two facets of the overall design problem will be covered in subsequent sections.
IDENTIFICATION OF OPTIMUM STABILIZER

LOCATIONS
The identification of optimum stabilizer locations using participation factors will be examined in this section. Consider a linear timeinvariant system whose state equation is given in eqn. On the other hand, the participation factor is a dimensionless real number which is invariant with the change on the scale of state variables. The participation factor pij can be also interpreted as the sensivity of the eigenvalue hi with respect to the diagonal element ajj of A, i.e., p.. = a Xila a..
U
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Hence, the participation factor as defined in eqn. (9) is a quantitative measure which can provide better insight into the problem how a particular mode (eigenvalue) is affected by the various state variables in the system. As a matter of fact, have worked out a reduced mathematical model for the analyses of power system dynamic stability using this characteristic feature of participation factor. The application of participation factor to the identification of stabilizer location has been exploited by the authors [ 141. The superiority of participation factors to right eigenvectors is evidenced in that paper by the smaller stabilizer gains obtained by using participation factors than those by eigenvectors. Thus, more effective site for stabilizer application can be identified by the proposed approach.
DECENTRALIZED POWER SYSTEM STABILIZER DESIGN
Having identified the proper locations of the stabilizers, the only problem left is to determine the parameters of the m decentralized stabilizers using modal control theory [ 151 -[ 161. Although the method described in this section will be applied in this paper to stabilizer design in power systems only, it is a new and simple approach which is applicable to many large scale systems.
Combining eqns. (3), (4), and ( 5 ) , we obtain
Let X be a prespecified eigenvalue of the closed-loop system which is usually obtained by shifting one of the poorly-damped mechanicalmode eigenvalues to certain desirable location, then we have
since X ( h ) is not identically zero. Using the identity
where Q and R are matrices, we can reduce eqn.
Equation (1 5) can be written in an alternative form
where is the transfer function matrix of the open-loop system. Because H(s) is diagonal, eqn.
(1 6) reduces to
where Ii is the ith unit column vector and G ( X ) is the ith column of G(h). The only problem left is then to dnd the desired transfer functions from eqn.
(1 8).
In this paper, an efficient algorithm based on Newton-Raphson method is proposed for the determination of unknown parameter vectors p i , ..., Pm for the m stabilizers. It should be noted that the vector pi contains all the unknown parameters of ith stabilizer whose transfer function is given by hi(s). Therefore, hi(s) depends on pi only. For the example in this paper, there are two unknown variables for each pi.
The procedure for the determination of parameter vectors is as follows.
1. Select Q = 2m prespecified eigenvalues Xj, j = 1, ... , Q.
Set the initial guess P(O)
3. The parameter vector P('+l) for the (r+l)th iteration is updated according to the following equation
where J(') and AD(') = [ Adl(') , Ad$'), . , . , Ad;'), . .. , Add" I T are the Jacobian matrix and the determinant mismatch vector for the rth iteration, respectively. They are derived as follows. From eqn. (18), the elements of the determinant mismatch vector are given by 
EXAMPLE
The system considered is the 1984 Taiwan power system of which the single-line diagram is shown in Fig. 1 . There are 14 generating units geographically located at three different areas on the island of Taiwan with a distance of 400 Km from the north t o the south. The three areas are designated as N (the northern area), C (the central area), and S (the southern area), respectively. The bus number, bus name, real and reactive power generation, voltage magnitude and angle for each generator bus are listed in Table 1 . Detailed descriptions of the generator and exciter constants for this system can be found in [ 17 I :
In the design of power system stabilizers for multimachine power systems, the original Heffron-Phillips-deMelloConcordia generator model [SI must be f m t generalized to take the dynamical interactions between machines into account. The result is a multimachine model as shown in Fig. 2 Table 2 . The data which is needed for the computation of the constants K1 -Kd and system state equations leading to the data in Table 2 is the system information for dynamic stability analysis including the machine and exciter constants, power flow data for the study system, and network data. It should be noticed that only the participation factors for A6 and Aw of each generators deserve special consideration since the mechanical modes describe the characteristics of the torque angle deviations and angular speed deviations. From the electromechanical mode eigenvalues in Table 2 , it is decided to install four stabilizers in order to improve the dampings of the four mechanical modes with worst damping: 0.05+j6.070, -0.164kj10.968, -0.126tjl1.688, and -0.158tj9.065. The blocked entries in Table 2 indicate that generators #7, 8, 9, and 12, which have the greatest participation factors for these four modes with real parts greater than -0.2, are the optimum stabilizer locations. So far, the most widely employed stabilizer in power systems is the lead-lag stabilizer whose transfer function is given by
where Tw is the washout time constant which is usually chosen to be 1 s, and Tz is often set to be 0.05 s [6] . This leaves the other two stabilizer parameters Ki and Tli to be determined. Using four pairs of prespecified eigenvalues, these stabilizer parameters can be calculated by using the algorithm described in the previous section.
The computed values of stabilizer parameters are given in Table  3 and the eigenvalues of the closed-loop system equipped with these stabilizers are listed in Table 4 . It can be observed that the four pairs of prespecified eigenvalues have been exactly assigned after the installation of the designed stabilizers. -0.564tj10.762 -0.26639.474 -0.326tj8.843 -0.310q8.289 -0.207+j7.848 -0.732q6.9 19 -0.289tj7.098 -0,22647,348 -0.21 537.423 *denote the exact assignment of eigenvalues 6. CONCLUSIONS A new and efficient approach for the design of decentralized power system stabilizers for large-scale power systems has been presented. Identification of optimum stabilizer has been also examined. The effectiveness of the proposed method is demonstrated by an example of stabilizer design for a practical power system. It is found that the eigenvalues of the system can be exactly assigned to certain desirable prespecified locations by using the designed decentralized stabilizers.
The method is efficient that for the multimachine power system considered in this paper the required CPU time on the VAX-11/780 computer is only about 5 sec. As for the three-machine to infinitebus system which was considered in a previous paper [ 181, the CPU time elapsed on the same computer is 1.2 sec or SO. Obviously, the computational effort would increase if the number of generators is increased.
It should also be noticed that this paper merely gives a general algorithm for computing PSS parameters. No matter how efficient it is, adequate knowledge and experiences are necessary for selecting which oscillation modes to be controlled and time-domain simulation taking the nonlineanties of the system into account has to be performed before on-line installation.
questions raised by Dr. Feliachi as follows.
1) The use of the eigenvectors of the open-loop system as a basis for the identification of stabilizer locations is more reasonable than the use of closed-loop system eigenvectors. This is due to the fact that the locations of the stabilizers must be determjned before the tuning of stabilizer parameters. Thus the study system is still open-loop while the choice of stabilizer locations is made.
2) The presented scheme may not always be feasible because the convergence of the Newton-Raphson method cannot be guaranteed. However, a proper set of initial guesses for stabilizer parameters will lead to good convergent characteristic. In view of the feasibility of direct computation for a single PSS and the weak interactions among the generating units at different plants, the set of parameters determined sequentially by shifting the electromechanical mode associated with a particular generator on which a PSS is installed can be used as initial guesses. Excellent convergent characteristic has been observed for the suggested initial guess [A] .
3) The approach presented by Lim and Elangovan used the fixed-point numerical method to fmd the solutions. It is iterative in nature. Their achievement is praiseworthy and has demonstrated some advantages over previous works. However, the matrix-reduction technique, which is the kernel of the whole solution procedure, can only be applied to special cases where the PSS input is one of the system state variables [BI.
4)
The open-loop eigenvalues are listed in the first column of Table 2 . On comparing the results in Table 2 and Table 4 , it is found that no significant drifts in the unassigned eigenvalues have been observed except for a complex pair: the mode -0.244 f j7.565 shifts to -0.675 f j7.097 in case I and to -0.732 k j6.919 in case 11. This can be explained by the participation factors of generator #12. Since generator #12, which is equipped with a well-tuned PSS, participates significantly in modes 0.05 f 6.070 and -0.244 f 7.565, a strong control force goes to the latter.
